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ABSTRACT
Changes in circulating HSP70kd concentrations [HSP70kd] in response to exercise have been well
studied. However, there is little information on the changes in extracellular [HSP] of other HSP families
known to activate immune cells and cytokine production. Given that hyperthermia and other stressors
during exercise induce cellular release of HSPs into circulation, it is important to consider the
contribution of circulating HSP concentrations ([HSPs]) on systemic inflammation associated with
exertional heat stroke pathophysiology (EHS). Therefore, this research compared the circulating
[HSP90alpha], [HSP60], [HSP70], and [HSP27] in two athletic events with high and low incidences of
EHS. The aims were to characterize the changes in circulating [HSPs] from pre- to post-event and to
elucidate the potential for HSPs as EHS susceptibility biomarkers. Thirty (age: 44±11 year; height:
174.89±9.5 cm; mass: 74.2±14.05 kg; BMI: 24.11±3.13 kg ⋅ m-2; % body fat: 19.74±4.03 %) and fifty-six
participants (age: 51±11 year; height: 176.49±6.50 cm; mass: 86.89±13.96 kg; BMI: 27.85±3.76 kg ⋅ m-2;
% body fat: 13.17±8.03 %) were recruited for the Falmouth Road Race (FRR, Falmouth, MA) and the
Hotter’N Hell 100 (HHH, Wichita Falls, TX), respectively. Gastrointestinal temperature (TGI) and blood
samples were obtained at pre- and post-event time points for both FRR and HHH. Plasma and serum
samples were analyzed for circulating [HSP90alpha], [HSP60], [HSP70], and [HSP27] with ELISAs for
FRR and HHH, respectively. Significant increases in TGI, [HSP90alpha], and [HSP27] were observed for
both FRR and HHH from pre- to post-event (p<0.05). Post-event [HSP] did not significantly correlate
with post-event TGI for either event (p>0.05). A significant age effect on post-race [HSP27] was detected
in FRR where participants with higher [HSP27] were significantly older than those with lower [HSP27]
(p<0.05). No effect of extreme hyperthermia on [HSP] was observed in FRR participants (p>0.05). In
conclusion, the potential contribution of HSPs to immune signaling and inflammation during EHS
pathophysiology should not be overlooked, however, they are unreliable biomarkers of EHS risk.
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LITERATURE REVIEW
Maintenance of cellular proteostasis
The cellular proteome is maintained by a collection of protein degradation machinery,
stress-sensing sub networks, and molecular chaperones. Termed the proteostasis network (PN),
this assortment of cellular machinery serves to maintain normal cellular functions under both
homeostatic and stressful conditions3, 59. Maintenance of proteostasis enables successful
organismal development and aging despite the presence of constant intrinsic and extrinsic
insults. One of the major components of the PN is the heat shock response (HSR).
Constitutive activity of the HSR and HSPs
Under homeostatic conditions, the HSR drives the constitutive expression of a number of
heat shock proteins (HSPs). Serving as molecular chaperones, HSPs monitor the integrity of the
proteome in the absence of stress. HSPs perform critical roles in protein maturation processes
such as folding, unfolding, and translocation16, 23, 77. Newly synthesized proteins are at increased
risk of aggregation and misfolding during the process of translation. Risk of aggregation is
exacerbated by conditions that contribute to an enhanced affinity between folding intermediates
and the presence aggregation-sensitive states for prolonged periods of time59, 88. As such,
chaperones have a critical role in the maintenance of stability during this process to aid in the
non-native proteins ability to acquire its native confirmation52, 59. Several different HSPs have
constitutive forms that bind nascent chains of amino acids as they emerge from ribosomes to
provide immediate assistance to the protein folding process96. Additionally, HSPs aid in the
translocation of newly synthesized proteins. Within both capacities, HSPs have a close
association with ribosomes and play an active role in the process of protein translation. In
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addition to its constitutive activity, the HSR is highly inducible and plays a critical role in the
cellular stress response mechanism of the proteostatic network.
Inducible activity of the HSR and HSPs
Ferruccio Ritossa first discovered the inducible nature of HSPs in Drosophila flies
exposed to heat shock70. In a series of experiments, flies developed chromosomal puffs in
response to hyperthermic stress, which later came to be understood as the increased transcription
of HSPs70. Since then, our understanding of the mechanism of the HSR has substantially
improved. As part of the inducible intracellular response, stress-inducible HSPs such as HSP72
have been shown to serve as negative repressors of the HSR. Under homeostatic conditions, heat
shock factor 1 (HSF1) is bound to HSP72 in its monomeric, non-DNA binding form. The onset
of stress causes rapid protein damage, resulting in the accumulation of unfolded proteins in the
cytoplasm. In order to prevent further damage and aggregation of intracellular protein, HSP72
disassociates from HSF1 and binds damaged proteins. Once liberated, HSF1 will trimerize and
translocate into the nucleus where it can bind the heat shock element (HSE), a sequence of DNA
just upstream of the hsp promoter region. Activation of the HSE results in the increased
transcription and translation of HSP72, which contributes to proteomic stability26, 67, 54. Within
this mechanism, HSF1 is known as the main transcriptional regulator responsible for inducing
increased expression of HSPs in response to stress92.
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Stress inducible regulation of HSF1 activity is complex and leads to the induction of the
HSR. Research has shown that mechanical stress on cardiac tissue results in increased HSF1
activity. Using an inflatable balloon, researchers were able to correlate the strongest response of
HSF1 activity with left ventricular end diastolic pressure (LVEDP) of 10 mmHg10. LVEDP
seemed to have a dose dependent effect as lower amounts of pressure resulted in less activation
of HSF1. Similarly, a separate study observed significant differences in HSF1 activation in rats
during experimentally induced hypertension. Gel mobility shift assays performed on aortic rat
samples showed significant increases in the binding of HSE by HSF1 in response to increased
hypertension94. Western blot analysis of HSF1 in the same aortic extracts showed slower
mobility of the transcription factor, which was indicative of its phosphorylated, activated, state93.
Based on the similarities between the stressors observed in these studies, and the stressors that
occur during exercise, HSF activation and regulation has been extensively studied during
exercise. Using a rat animal model, Locke et al. (1995) showed that HSF1 activation
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significantly increased following 40 to 60 minutes of exercise44. According to their results, HSF1
activation did not occur until rectal temperature reached 42°C in exercising rats, leading them to
hypothesize a possible contribution of exercise-heat stress to HSF1 activation44. Based on the
activation of HSF1 within the context of exercise, it is unsurprising that exercise-related stress
contributes to increased expression of HSPs. Gibson et al. (2016) recently showed that
physiological variables such as rectal temperature are significant predictors of changes in HSP72
mRNA expression during a heat acclimatization protocol. Their data suggests that increases in
transcription of HSP72 and HSP90α changes occur in proportion to changes in core temperature
(38.5±0.2 to 90.0±0.4°C) during exercise-heat stress24.
Exercise-stress effects on intracellular HSP activity
Activation of intracellular expression of chaperones like HSP72 is critical for cell
survival and proteostasis during exercise-stress. Several studies have shown acute exercise is a
sufficient enough stimulus to induce increased HSP expression in a variety of tissues. Following
exhaustive treadmill exercise, Locke et al. (1990) showed increased synthesis of HSPs45.
Increased incorporation of 35S-methionine in HSPs with molecular weights of 65, 72, 73, 90, and
100 kilodalton (kd) was detected in a variety of tissues following exhaustive treadmill exercise in
rats45. Similarly, rats ran to exhaustion for a mean time of 64.9±8 minutes at 26.8 m⋅min-1 on a
10% grade were shown to exhibit 10-fold increases in HSPs ranging from 20 to 190 kd and 6fold increases in HSP70 mRNA expression in skeletal muscle75. The increased HSP70 mRNA
expression was found to peak 30-60 minutes after exercise and returned to baseline values 6
hours post-exercise75. Furthermore, evidence suggests the induction of HSPs in rats has an
intensity-dependent effect. Higher intensity exercise (>24 m⋅min-1) resulted in 6-fold increases in
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HSP70 protein expression in skeletal muscle53. Similar to these animal model studies, human
model research has shown a similar effect of exercise-stress on cellular HSP expression38.
Endurance exercise induces an increase in cellular transcription and translation of HSPs
in humans that is irrespective of training level. A study done on healthy, untrained males by
Febbraio and Koukoulas (2000) showed exhaustive exercise on a cycle ergometer results in a 2.6
fold increase in HSP70 gene expression with the onset of exercise-fatigue17. A similar effect of
exercise in a separate study showed post-exercise HSP70 mRNA concentration increased by a
factor of four in untrained males69. Khassaf et al (2001) reported significant increases in HSP60
and HSP70 expression immediately after a 45-minute one-legged cycle ergometry exercise at
70% maximal oxygen consumption in sedentary male subjects32. Additionally, they found
expression of HSP60 and HSP70 increased to reach means of 190% and 3100% of pre-exercise
values six days after the exercise trial32. Morton et al. (2006) observed a similar relationship in
the days post-exercise in skeletal muscle expression of HSP70, which increased to approximately
200% of pre-exercise values 48 hours after exercise in active, but untrained men57. Based on
these data, it is clear that exercise is a sufficient enough stimulus to induce increased expression
of HSPs in sedentary and untrained individuals. Furthermore, a very similar exercise-associated
HSP response has been observed in well-trained athletes. HSP70 expression in skeletal muscle
biopsies of elite trained rowers following a prescribed, four week training protocol increased
five-fold and peaked at week three of training41, 42. Based on the similarity of HSP expression
between sedentary, moderately active, and well-trained individuals, it is clear that exercise is
sufficient enough stimulus to active the HSR regardless of training status. Fehrenbach et al.
(2000) repeated increases in post-exercise leukocyte mRNA expression of HSP27 and HSP70 in
both trained and untrained half-marathon runners21. On average, trained and untrained
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participants had an approximately one-fold increase in cellular expression of both HSP27 and
HSP70 mRNA21. However, these researchers reported an interesting discrepancy with regards to
the magnitude of specific types of HSPs expressed in relation to training status. Their data show
untrained individuals had greater basal relative mRNA levels of HSP27, while trained
individuals possessed greater basal relative mRNA levels of HSP70 in circulating leukocytes21.
Additionally, in vitro heat shock of leukocytes obtained from whole blood samples of
participants showed a much more robust increase in HSP27 and HSP70 mRNA from trained
athletes as compared to the untrained participants21. The literature suggests that the HSR
response is activated by exercise regardless of training status. However, differences in the
expression of specific HSPs may allude to the cytoprotective effects of a consistent training
regimen.
While the aforementioned studies provide valuable knowledge regarding the effect of
exercise-stress on HSP expression, very few have attempted to delineate the stress-specific
contributions of exercise to the overall HSR. Research has shown that hyperthermia,
dehydration, and oxidative stress, in addition to others, are commonly associated with both acute
and prolonged exercise63. An early research study done by Blake et al. (1990) showed that in
vivo temperature increases of 1-1.5°C were sufficient to induce the expression of HSP70 in rat
tissue7. The data from this study was supported by Flanagan et al. (1995) who showed rats had
greater accumulation of HSP70 in the small intestine, liver, and kidney following exposure to
high (0.116°C⋅min-1) as compared to low (0.045°C⋅min-1) whole-body heating rate22.
Furthermore, heat shock with high temperatures of 42-43°C has been shown to sufficiently
stimulate the induction of a ten-fold increase in HSP70 expression in leukocytes obtained from
whole-blood samples64, 76. However, a growing body of literature suggests the activation of the
6

HSP response is multifaceted and may require more than elevation of internal body temperature.
While HSP induction has been historically associated with heat stress, the possible contribution
of other stressors during exercise should not be overlooked.
In 1995, Skidmore et al. observed a significant main effect of heat shock alone, in the
absence of exercise, on HSP expression in skeletal muscle of rats. This suggests that heat stress
without exercise, is a sufficient to induce an approximately three-fold increase in HSP
expression81. However, their data also showed exercise in a cool environment with no significant
increase in gastrointestinal temperature resulted in approximately a two-fold increase in
accumulation of HSP in skeletal muscle81. Furthermore, Matz et al. (1995) showed cold-stress
significantly increased HSP70, HSP60, HSP89α, and HSP89β expression in brown adipose
tissue and not in cardiac or skeletal muscle50. Similar studies in physically active human males
show elevation of local skeletal muscle and rectal temperature comparable to what is observed
during exercise does not significantly increase HSP27, HSC70, HSP60, or HSP72 expression in
skeletal muscle biopsies58. In considering the contribution of stressors other than heat-stress
during exercise, Salo et al. (1991) first proposed that heat generated during exercise caused
mitochondrial uncoupling, resulting in increased reactive oxygen species (ROS) accumulation,
thus inducing increased HSP expression75. Since then, oxidative stress caused by ROS
accumulation has come to be closely associated with increased HSP expression. Several studies
have shown that, along with increased HSP expression, anti-oxidant enzymes like
myeloperoxidase (MPO) are significantly increased post-exercise. Two separate studies done by
Fehrenbach et al. (2000a & 2000b) show a greater than two-fold increase in MPO immediately
post-race in conjunction with significant increases in HSP27, HSP70, and HSP60 in the
cytoplasm of circulating immune cells20, 21. Similar to oxidative stress, dehydration stress has
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also been shown to influence the expression of intracellular HSPs during exercise. Dehydrated
subjects have been shown to significantly increase HSP70 concentration during exercise from
3.6±0.6 (mean fluorescence intensity) to 4.6±0.6 (mean fluorescence intensity) in the absence of
environmental heat stress27. Moreover, Logan-Sprenger et al. (2015) had similar results, which
showed dehydration during exercise in a thermoneutral environment results in a significant twofold increase in skeletal muscle HSP70 expression46. Interestingly, fluid replacement in the
absence of heat stress significantly attenuates the HSR, indicating the substantial contribution of
dehydration to stress during exercise72. It is therefore clear that stressors independent of
hyperthermia also contribute to the intracellular accumulation of HSPs. Interestingly, data has
shown that as intracellular concentration of HSPs increases, their potential for extracellular
accumulation also increases29. In addition to their intracellular role as molecular chaperones,
HSPs also have a critical role in the extracellular compartment. Extracellular HSPs (eHSPs) have
the potential to interact with the immune system to induce systemic inflammation.
Exercise-stress effects on extracellular concentration of HSPs
Exercise-associated cell stress results in the release of HSPs into circulation. Walsh et al.
(2001) was the first to observe exercise effects on changes in eHSP concentration92. Following
treadmill exercise at 70% maximal oxygen uptake, eHSP72 concentration increased from
<0.25ng⋅mL to approximately 0.8ng⋅mL after 60 minutes of exercise in temperate conditions
(20°C, <20% RH)92. Similar environmental conditions led to significant increases in serum
concentration of HSP72 immediately after completion of a marathon19. Remarkably, individuals
competing in the marathon had, on average, a post-race serum HSP72 concentration of
16.3±12.1ng⋅mL compared to a pre-race serum concentration of <5ng⋅mL19. An effect of
exercise on eHSPs concentration was also reported by Lancaster et al. (2004) during an 1808

minute bout of continuous exercise on a cycle ergometer under thermoneutral conditions
(21±1°C). Arterial eHSP72 concentration more than doubled in healthy, endurance-trained males
following the exercise protocol (pre: ~0.4 ng⋅mL-1; post: ~1.0 ng⋅mL-1)37. Similarly, the effect of
exercise on eHSP concentration has been seen with the addition of environmental heat stress.
Hot environmental conditions (40°C, 50% RH) have been shown to result in a two-fold increase
in eHSP72 concentration in conjunction with a significant increase in eHSP27 concentration68.
This marked increase in response to high environmental temperature was reflected by a separate
study that showed environmental heat stress (38°C, 60% RH) significantly increased eHSP72
concentration on two separate days of exercise49. The increase in eHSP concentration has also
been reported to be associated with increased oxidative stress. In a study done on preeclamptic
patients, serum HSP70 concentration significantly correlated with increased plasma
malondialdehyde concentration, a widely used biomarker of oxidative stress55. While
intracellular accumulation of HSPs can be of great benefit, release in the extacellular space has
the potential to induce systemic inflammation. Data suggest eHSPs, in addition to other
molecules in circulation, have the potential to serve as functionally significant danger signals to
the immune system.
Activation of immune signaling and cytokine production by eHSPs
Similar to pathogen associated molecular patterns (PAMPs) eHSPs stimulate innate
immune cell activation and inflammatory cytokine production. As such, HSPs are known to be
danger associated molecular patterns (DAMPs) and are released in response to cellular stress.
While they have fundamental differences in their derivation, PAMPs and DAMPs have a very
similar function. PAMPs are virulence factors from pathogenic agents while DAMPs are
endogenously derived molecules51. Despite clear differences in their origins, both PAMPs and
9

DAMPs activate an inflammatory response through interactions with pattern recognition receptor
(PRR)-bearing immune cells11, 71, 87. PAMPs and DAMPs have the ability to bind toll-like
receptor-4 (TLR-4) on circulating immune cells and induce their activation and the production of
inflammatory cytokines that serve to mediate an innate immune response1, 66.
It has been previously hypothesized that LPS, a Gram-negative cell wall component,
leaks from the gut and contributes to systemic inflammation during exercise in the heat89.
Reduced blood flow and high gastrointestinal temperature associated with strenuous exercise has
been proposed to breech the integrity of the intestinal barrier. Dysfunction of the intestinal
barrier allows for LPS to leak into circulation, contributing to endotoxemia, and in extreme
cases, sepsis36. The presence of LPS in circulation contributes to an immune response that can
ultimately result in systemic inflammation. In addition to the accumulation of PAMPs like LPS,
cellular release of HSPs into circulation in response to exercise-stress like dehydration,
hyperthermia, and ROS accumulation contribute to systemic inflammation. Together, PAMPs
and DAMPs like LPS and eHSPs, respectively, have a synergistic effect on the production of
inflammatory cytokines (Campisi et al., 2003).
Increased cellular stress resulted in a >two-fold accumulation of eHSP72 in circulation9.
Additionally, stimulation of rat cells with HSP72 resulted in at least two-fold increases of IL-6,
IL-1β, TNFα, and nitrite production9. Members of the HSP 70kDa and 60 kDa families have
been shown to stimulate cytokine production in mice and cell culture. Breloer et al. (2001)
observed a robust increase in antigen-specific secretion of IFN- γ in mice cells incubated with
HSP60 8. Similarly, Asea et al. (2000) showed a >two-fold increase in IL-6 secretion from
human peripheral blood mononuclear cells (PBMCs) incubated with HSP702. Suzuki et al.
(2006) provided evidence for the association between exercise-associated eHSP and
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inflammatory cytokine concentrations86. Following completion of an Ironman triathlon
competition, subjects had an approximately four-fold increase in eHSP concentration in
conjunction with marked increases in cytokines IL-12p40, IL-10, IL-1ra, and IL-6, and
granulocyte colony-stimulating factor (G-CSF)85, 86. Taken together these studies demonstrate the
ability for eHSPs to activate immune signaling and downstream systemic inflammation. In a very
similar fashion, PAMPs in circulation also contribute to systemic immune activation.
LPS has been shown to have a dose-dependent effect on release of IL-6, IL-8, and
monocyte chemotactic protein-1 (MCP-1) in circulation. Human coronary artery endothelial cells
stimulated with 100ng⋅mL-1 LPS were shown to release at least four-fold more inflammatory
cytokines as compared to the 0 ng⋅mL-1 control condition97. Within the context of exercise,
Barberio et al. (2015) showed a significant increase in circulating LPS concentration occurred in
conjunction with a significant increase in IL-6 concentration from pre- to post-exercise heat
stress4. Furthermore, over the counter non-steroidal anti-inflammatory drugs have been
demonstrated to result in 106% increases in post-race plasma LPS concentration and 25-88%
higher circulating cytokine concentrations during ultra-endurance exercise61. A study done by
Jeukendrup et al. (2000) showed ultra-endurance exercise has the potential to significantly
increase circulating LPS concentrations, which may be associated with increased inflammation
and gastrointestinal distress30. Given the robust HSP response that occurs during exercise and its
potential for cellular release in conjunction with LPS leakage from the gut, it is important to
consider the relationship between post-stress eHSPs and exercise associated inflammation.
Inflammation, exertional heat stroke, and biomarker considerations
Inflammation within the physiological system is an important component of the innate
immune response to injury during ultraendurance and high intensity exercise80 and it is critical
11

for recovery. However, excessive inflammation during exercise can be extremely dangerous and
it has come to be associated with exertional heat stroke (EHS) pathophysiology. EHS, which is
diagnosed by gastrointestinal temperature >40°C and central nervous system dysfunction, is a
debilitating and fatal condition that results from uncompensable heat stress during exercise. The
monitoring of physiological markers such as heart rate, hydration status, and core body
temperature have been shown to mitigate the risk of EHS during exercise. In addition to these
variables, eHSPs, because of their close association with acute heat stress, have also been
theorized to serve as biomarkers of EHS.
To aid in the diagnosis of EHS, HSP72 has recently been proposed as a biomarker of
exercise heat stress35, 39, 73. Interestingly, Ruell et al. (2006) observed early signs of EHS
pathophysiology were associated with increased levels of eHSP72 immediately after a 14-km
running event (21°C, 33% RH)73. On average, patients who exhibited CNS dysfunction had
approximately double the concentration of eHSP72 in plasma as compared to control patients73.
Additionally, plasma HSP72 concentration was found to be significantly associated (r=0.597)
with rectal temperature immediately after the race73. Similarly, Lee et al. (2017) examined the
potential for intracellular HSP72 to serve as a biomarker of the lasting effects of stress on risk for
exertional heat illness (EHI). Their data suggest intracellular HSP72 remain elevated during
recovery and significantly increase with the addition of stress39. These studies together provide
some evidence for the justification of HSPs as biomarker of EHS risk. However, no other studies
have tested HSPs biomarker potential within the context of athletic events held in hot and humid
conditions (>25°C, >60% RH). This is especially important considering the potential for
exacerbated risk of EHS with hotter and more humid environmental conditions. Using fieldbased studies of athletic events in similar hot and humid conditions that are associated with high
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and low incidence of EHS would allow for the observation of eHSP responses, thus elucidating
the potential for eHSP biomarker reliability.
One particular running event of interest is the Falmouth Road Race in Falmouth,
Massachusetts. Because of environmental conditions and race duration (7 miles), the Falmouth
Road Race provides an interesting case of relatively high incidence of EHS. DeMartini et al.
(2014) have shown that there is a significant relationship between environmental stress measured
by ambient temperature and heat index, and occurrence of EHS or EHI15.
In contrast, an event with similar environmental conditions and magnitude of exercisestress, the Hotter’N Hell 100 mile cycling event rarely ever sees cases of EHS. Despite similar
ambient temperature and heat index, no significant occurrence of EHS and EHI has been
reported with environmental stress during this 100-mile cycling event. Taken together, these
events provide for case studies regarding the effect of high intensity exercise in high heat and
humidity on eHSP concentration. Given the similarities, it would be logical to hypothesize that
both events would result in a similar change in eHSP concentrations. Given the drastic
discrepancy in incidence of EHS between the two events, observation of any differences in eHSP
and inflammatory cytokine concentrations in circulation could further elucidate the potential or
suggest the disqualification of eHSPs as biomarkers of EHS risk.
The aims of this study were to 1) test the hypothesis that eHSPs from multiple HSP
families are elevated post-exercise in an event associated with EHS incidence, 2) test the
hypothesis that eHSPs from multiple HSP families are elevated post-exercise in an event not
associated with EHS incidence, and 3) test the hypothesis that eHSPs serve as biomarkers for
EHS risk. We hypothesized that, regardless of incidence of EHS, eHSPs known to impact
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immune signaling are elevated in instances where post-stress inflammation is occurring in the
presence and absence of EHS.
METHODS
Falmouth Road Race
Participants
The Falmouth Road Race (FRR) is a point-to-point 11.26-km (7-mile) road race held annually on
the second Sunday of August in Falmouth, MA, USA and is usually held under hot and humid
conditions. The average conditions for the 2017 race day, according to the METAR from the
Cape Cod Coast Guard Air Station, were an ambient temperature of 25.83 ± 3.61°C and a
relative humidity of 73 ± 27%. The race began at 9:00 a.m. with approximately 10,000 runners,
ranging from elite to novice status. Thirty subjects (age: 44±11 year; height: 174.89±9.5 cm;
mass: 74.2±14.05 kg; BMI: 24.11±3.13 kg ⋅ m-2; % body fat: 19.74±4.03 %) were recruited in
the months prior to FRR in order to observe changes in urine specific gravity (USG), urine color
(UCOL), % body mass loss (%BML), gastrointestinal temperature (TGI), and circulating HSP
concentrations ([HSP]) from pre- to post-race. All thirty subjects were included in the analysis of
USG, UCOL, and TGI. Unfortunately, blood samples could not be obtained from three of the thirty
participants, which limited the analysis of [HSP] to twenty-seven subjects. One extreme outlier
was removed in the analyses of both [HSP90α] and [HSP60], resulting in the use of twenty-six
subjects for both analyses. All twenty-seven subjects were used in the analysis of [HSP27].
Protocol
Body weight and height were measured with a floor scale and a tape measure attached to
the wall, respectively. Percent body fat was estimated using calibrated skinfold calipers and
skinfold thickness equations (Lange Skinfold Calliper; Beta Technology Inc., Houston, TX,
14

USA; 3-site computation, Jackson-Pollock equation). Body mass index (BMI) was calculated
using mass and height measurements obtained before both events.
Following body weight measurement on the morning of race day, blood samples were
collected from an antecubital vein using venipuncture by a 21-guage needle with three evacuated
collection tubes (10mL Serum, 10mL EDTA, 8mL CPT, BD Biosciences, Franklin Lakes, NJ).
Serum tubes were allowed to clot at room temperature, centrifuged at 3000 rpm for 15 minutes,
and aliquoted. EDTA tubes were chilled at 4°C, centrifuged at 3000 rpm for 15 minutes at 4°C,
and aliquoted. CPT samples were kept at room temperature and centrifuged for 15 minutes at
1500 g. Cell and plasma samples were then aliquoted. All aliquoted samples were frozen on dry
ice before long-term storage -80°C ultralow freezers for future biochemical analyses.
Participants then provided urine samples for the analysis of urine specific gravity (USG)
and urine color (UCOL). USG was determined by a hand-held refractometer (Reichart TS 400,
Reichart Technologies, USA) and UCOL was determined by placement of each sample in a clear
container on a white background next to the urine color chart (Armstrong et al., 1994) to identify
sample color. Pre-race gastrointestinal temperature (TGI) (HQ Inc, Palmetto, FL), rating of
perceived exertion (RPE), and Environmental Symptoms Questionnaire (ESQ) responses were
then recorded before participants proceeded to the start line for the beginning of the race.
Following completion of the race, participants returned to the research tent where postrace body weight data, blood (10mL Serum, 10mL EDTA, 8mL CPT, BD Biosciences, Franklin
Lakes, NJ) and urine samples, TGI data (HQ Inc, Palmetto, FL), RPE and ESQ responses were
collected. Urine samples were again analyzed for USG and UCOL. Percent body mass loss
(%BML) was calculated using changes in body mass that occurred from pre- to post-race.
Analyses
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Enzyme linked immunosorbant assays (ELISAs) for HSP27, HSP60, HSP70, and
HSP90α (Catalog numbers: SKT-109, SKT-110, SKT-105, SKT-107, StressMarq Biosciences
Inc., Victoria, British Columbia) were used to measure extracellular (plasma) concentrations at
pre- and post-race time points. Tests for normality of distribution and homogeneity of variance
were performed for all data sets. Based on negative concentration values, one outlier sample was
identified in both the HSP90α and HSP60 results. These outliers were removed resulting in
twenty-six, twenty-six, and twenty-seven samples for the analyses of HSP90α, HSP60, and
HSP27, respectively. Normally distributed variables were analyzed with Repeated Measures
ANOVA. Non-normally distributed variables analyzed using Wilcoxon Signed-Rank Test.
Kruskal-Wallis One-way ANOVA was used to observe differences in post-race [HSP] between
more than two independent groups. Non-parametric correlations used to correlated TGI and
[HSP].. Data were analyzed using SPSS version 25.0 (IBM, Chicago, IL). Level of significance
was set at α=0.05 and all data are presented as mean±standard deviation unless otherwise stated.
Hotter’N Hell 100
Participants
The Hotter’N Hell cycling event is among the largest recreational road cycling events in the
USA (>10,000 participants annually) and held annually in Wichita Falls, TX. The course covers
164-km of relatively flat terrain (doi: 10.1007/s00421-015-3107-y) and is usually held under hot
and humid conditions (average environmental conditions for Wichita Falls, TX for late August is
35°C and 59% relative humidity, with little to no cloud cover). The average conditions for the
day of the event, according to the meteorological aerodrome report (METAR) from Kickapoo
Downtown Airport (KCWC) in Wichita Falls, TX, were an ambient temperature of 26.67 ± 5°C
and a relative humidity of 64 ± 27%. Fifty-six participants (age: 51±11 year; height: 176.49±6.50
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cm; mass: 86.89±13.96 kg; BMI: 27.85±3.76 kg ⋅ m-2; % body fat: 13.17±8.03 %) were recruited
in the days leading up to the event to observe changes in urine specific gravity (USG), urine
color (UCOL), % body mass loss (%BML), gastrointestinal temperature (TGI), and circulating
HSP concentrations ([HSP]) from pre- to post-race in hot and humid conditions. Due to fieldstudy limitations, TGI was only able to be collected from fifty-four subjects. Additionally, one
extreme outlier was removed from the analysis of HSP90α.
Protocol
Body weight and height were measured with a floor scale and a tape measure attached to
the wall, respectively. Percent body fat was estimated using calibrated skinfold calipers and
skinfold thickness equations (Lange Skinfold Calliper; Beta Technology Inc., Houston, TX,
USA; 3-site computation, Jackson-Pollock equation). Body mass index (BMI) was calculated
using mass and height measurements obtained before both events. Percent body mass loss
(%BML) was calculated using changes in body mass that occurred from pre- to post-event.
Following body weight measurement on the morning of race day, blood samples were
collected from an antecubital vein using venipuncture by a 21-guage needle with three evacuated
collection tubes (10mL Serum, 10mL EDTA, 8mL CPT, BD Biosciences, Franklin Lakes, NJ).
Serum tubes were allowed to clot at room temperature, centrifuged at 3000 rpm for 15 minutes,
and aliquoted. EDTA tubes were chilled at 4°C, centrifuged at 3000 rpm for 15 minutes at 4°C,
and aliquoted. CPT samples were kept at room temperature and centrifuged for 15 minutes at
1500 g. Cell and plasma samples were then aliquoted. All aliquoted samples were frozen on dry
ice before long-term storage -80°C ultralow freezers for future biochemical analyses.
Participants then provided urine samples for the analysis of urine specific gravity (USG)
and urine color (UCOL). USG was determined by a hand-held refractometer (Reichart TS 400,
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Reichart Technologies, USA) and UCOL was determined by placement of each sample in a clear
container on a white background next to the urine color chart (Armstrong et al., 1994) to identify
sample color. Pre-event TGI was then recorded before participants proceeded to the start line for
the beginning of the ride and at the 60-mile mark (60mi).
Following completion of the event, participants returned to the research tent where postevent body weight data, blood (10mL Serum, 10mL EDTA, 8mL CPT, BD Biosciences, Franklin
Lakes, NJ) and urine samples, and TGI data were collected. Urine samples were again analyzed
for USG and UCOL. Additionally, a small subset of subjects volunteered to participate in
additional testing one hour after completing the event (1HPost). Of the fifty-six participants,
twenty-one volunteered for the 1HPost testing, which included collection of additional blood
(3mL Lithium Heparin plasma collection vacutainer, BD Biosciences, Franklin Lakes, NJ) and
urine samples to analyze plasma osmolality and USG and UCOL, respectively.
Analyses
Enzyme linked immunosorbant assays (ELISAs) for HSP27, HSP60, HSP70, and HSP90α
(Catalog numbers: SKT-109, SKT-110, SKT-105, SKT-107, StressMarq Biosciences Inc.,
Victoria, British Columbia) were used to measure extracellular (serum) concentrations at preand post-race time points. Tests for normality of distribution and homogeneity of variance were
performed for all data sets. Based on a negative concentration value, one outlier sample was
identified in the HSP90α results. After removing this outlier, fifty-five subjects were used to
analyze [HSP90α] from pre- to post-event. Fifty-six subjects were used to analyze [HSP27] and
[HSP60] from pre- to post-event. Fifty-four subjects were used to analyze TGI from pre- to postevent. As previously mentioned, twenty-one subjects were used to compare [HSP] for pre-, post-,
and 1HPost-event time points. Normally distributed variables were analyzed with Repeated
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Measures ANOVA. Non-normally distributed variables analyzed using the Wilcoxon SignedRank test for pre- vs. post-event comparisons and Friedman tests with Wilcoxon Signed-Rank
post-hoc tests for comparison of pre-, 60mi, post-, and 1HPost-event time points. Non-parametric
correlations used to correlated TGI and [HSP]. Data were analyzed using SPSS version 25.0
(IBM, Chicago, IL). Level of significance was set at α=0.05 and all data are presented as
mean±standard deviation unless otherwise stated.
RESULTS
Falmouth Road Race
Participants experienced significant heat stress during FRR
Changes in TGI are shown in Figure 1. As expected, participants’ TGI significantly
increased from pre- to post-race during. On average, pre- and post-race TGI were 37.13±0.55 and
39.43±0.92, respectively (p=0.001).
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Figure 1. TGI significantly increased from pre- to post-race during FRR. * Indicates significantly different
from pre.
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Circulating [HSP90α] and [HSP27] significantly increased from pre- to post-race with no change
in [HSP60]
Changes in circulating [HSP90α] and [HSP27] are shown in Figure 2A, 2B, and 2C,
respectively. Similar to the change in TGI during FRR, circulating [HSP90α] (p=0.0010) and
[HSP27] (p=0.021) significantly increased from pre- to post-race. On average, pre- and post-race
values for circulating [HSP90α] were 56.93±26.22 and 117.5±43.03, respectively. Mean pre- and
post-race values for [HSP27] were 2.59±1.03 and 2.66±1.08, respectively. In contrast, circulating
[HSP60] did not change from pre- to post-race (p=0.949).
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Figure 2. Circulating [HSP90α] and [HSP27] significantly increased from pre- to post-race. [HSP60],
however, remained relatively the same. * Indicates significantly different from pre.
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Extreme hyperthermia had no effect on post-race [HSP]
In order to observe the effect of extreme hyperthermia on post-race [HSP], subjects were
separated into three groups. The three groups consisted of individuals that had TGI less than 40°C
after completing the race (TGI<40°C), participants that had TGI greater than 40°C but received no
cooling (TGI>40°C NC), and participants that had TGI greater than 40°C and received cooling for
EHS concerns (TGI>40°C WC). Figure 3 shows there was no significant difference in post-race
[HSP90α] (Fig. 3A), [HSP60] (Fig. 3B), or [HSP27] (Fig. 3C) between the three different groups
(p=0.598, 0.888, and 0.966, respectively).
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Figure 3. There was no effect for extreme hyperthermia on [HSP] detected (p>0.05).

Post-race [HSP] does not correlate with TGIPost, however, age has an effect on post-race
[HSP27]
Correlation plots in Figure 4 observe the relationship between post-race [HSP] and postrace TGI. These data suggest there is no significant relationship between [HSP90α] (Fig. 4A),
[HSP60] (Fig. 4B), or [HSP27] (Fig.4C) (p=0.11, 0.709, and 0.612, respectively). However, an
interesting relationship emerged in the correlation plot comparing post-race [HSP27] and TGI. A
clear separation of low and high responder groups can be observed with regards to post-race
[HSP27] (p=0.001). Further analysis showed that while there was no significant difference with
regards to post-race hydration variables (USG, UCOL, and %BML), RPE, and ESQ (Table 1 or 2,
should this be in the supplemental materials?), there was a significant difference in age between
the low and high responder groups (p=0.032). Figure 4D shows the low responder post-ace
[HSP27] group was, on average, approximately ten years younger (38±10) than the high
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Figure 4. TGI post-race did not significantly correlate with [HSP]. However, there was a significant effect
of age on [HSP27]. * Indicates significantly different from pre.

Hotter’N Hell 100
Participants experienced significant heat stress during HHH
Changes in TGI are shown in Figure 1. As expected, participants’ TGI significantly
increased from pre- to post-race during (Fig. 5A). On average, pre- and post-race TGI were
37.19±0.35 and 38.32±0.45, respectively (p=0.001). Additional analyses (Fig. 5B) suggested TGI
was significantly higher at the 60mi (38.11±0.42) and 1HPost (37.41±0.38) time points (p=
0.001 and 0.010, respectively).
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Figure 5. TGI was significantly higher at the 60mi., post, and 1H post time points as compared to preevent values. * Indicates significantly different from pre.

[HSP90α] and [HSP27] significantly increased from pre- to post-race and remained elevated one
after completion of the ride
Similar to the changes that occurred during FRR, circulating [HSP90α] and [HSP27]
significantly increased from pre- to post-event. As shown in Figure 6A, pre- and post-event
values for [HSP90α] were 18.58±5.26 and 25.24±12.28, respectively (p=0.001). As shown in
Figure 6B, mean pre- and post-event values for [HSP27] were 2.75±0.525 and 3.77±1.47,
respectively (p=0.001). The significant elevation of both [HSP90α ] and [HSP27] persisted
1HPost-event as compared to pre-event values (p= 0.001 and 0.001, respectively, should this be
included in supplemental figures?). In contrast, circulating [HSP60] did not change from pre- to
post-event (p=0.072).
8

HSP27 (ng • mL-1)

HSP90α (ng • mL-1)

50

*

40

30

20

6

*

4

PO
ST

E

HSP27 (ng • mL-1)

*

40
30
20
10
0

*

6

*

*
4

2

PO
ST
1H

PO
ST

E
PR

PO
ST
1H

PO
ST

E

0
PR

HSP90α (ng • mL-1)

50

PR

PR

E

PO
ST

2

24

Figure 6. [HSP90α] and [HSP27] were significantly greater than pre-event values at both post- and 1H
post-event. * Indicates significantly different from pre.

Post-race [HSP] does not correlate with TGIPost during HHH
Correlation plots in Figure 7 observe the relationship between post-race [HSP] and postrace TGI. These data suggest there is no significant relationship between [HSP90α] (Fig. 6A),
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[HSP60] (Fig. 6B), or [HSP27] (Fig.6C) (p=0.383, 0.788, and 0.726, respectively).
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Figure 7. TGI post-event did not significantly correlate with [HSP] during HHH.
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DISCUSSION
Our aim was to characterize the eHSP response during FRR and HHH. We aimed to
measure circulating [HSP90α], [HSP60], [HSP27], and [HSP70] in the two athletic events,
which have similar environmental heat- and exercise stress, however, with opposite incidences of
EHS risk. In quantifying circulating [HSP] from both events, we also hoped to elucidate the
possibility of eHSPs as reliable indicators of EHS risk during exercise in hot and humid
environments. FRR has been historically associated with significant exercise-heat stress and high
incidence of EHS15. However, despite the presence of significant exercise-heat stress, it is likely
that evaporative heat loss from cycling contributes to a virtually nonexistent incidence of EHS at
HHH. Investigating the HSP response to exercise-heat stress in a condition in which EHS is has
never been observed, but in which physical and environmental stress is extreme, would eliminate
potential susceptibility biomarkers.
Effect of time on gastrointestinal temperature and circulating [HSP]
During FRR and HHH, we determined there was a significant increase in gastrointestinal
temperature from pre- to post-event in conjunction with significant increases in [HSP90α] and
[HSP27]. Additional data showed that both [HSP90α] and [HSP27] remained significantly
elevated, as compared to pre-event values, at one hour post-event in HHH. Based on previously
published research on circulating [HSP70kd] following exercise68, these results were not
surprising. Studies have shown similar immediately post-exercise increases in circulating
[HSP]18 as well as effects of post-exercise that lasted up to six days following exercise32. A study
done on long distance and ultraendurance athletes showed significant increases in post-race
plasma [HSP72] in two different groups of participants completing a 100-km run and a long
distance triathlon (4-km swim, 120-km cycling, 30-km running)25. Interestingly, while both
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groups of athletes had significantly higher post-race plasma [HSP72], levels were 173% higher
in the runners25. Our data shows runners of FRR had, on average, approximately 92 ng⋅mL-1
more [HSP90α] than HHH. In contrast, HHH participants had, on average, 1.11 ng⋅mL-1 more
[HSP27]. Given the literature that exists on the topic, it is possible that discrepancies in overall
intensity and duration of exercise19, 28 may have contributed to differences in [HSP] between the
two events. Besides the contribution of HSP72 to the extracellular HSR, few studies have shown
that other HSP family members (small HSPs, 60kd, and 90kd) contribute to the overall
extracellular response. Therefore, our novel observations with regards to changes in circulating
[HSP90α], [HSP60], and [HSP27] during FRR and HHH are valuable to the literature.
Effect of extreme hyperthermia on eHSP
Given the prevalence of EHS during FRR, we decided to observe differences in [HSP]
between normothermic and hyperthermic groups. Based on gastrointestinal temperature and
post-race treatment, three groups were defined for the analysis: a normothermic group was
defined as having post-race TGI<40°C, hyperthermic group 1 had TGI>40°C but received no
cooling after the race because of low EHS risk, and hyperthermic group 2 had TGI>40°C and
received cooling because of high risk or confirmed diagnosis of EHS. Despite these differences,
no significant effect for extreme hyperthermia on any of the circulating [HSPs] was observed.
While it is possible that hyperthermia during FRR did not contribute to significantly different
circulating [HSP], we are limited in drawing conclusions based on the size of the groups used in
the analysis. Both hyperthermic groups consisted of only 5 participants each, and the
normothermic group had 20 participants. Such low n size may limit the power of our analysis,
making it difficult to detect any significant differences between the groups.
Association between TGI and HSPs
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There was no significant correlation between post-event gastrointestinal temperature and
[HSP] during FRR and HHH. While a number of studies have highlighted the effects of exerciseheat stress on circulating [HSP], it is important to consider the subjective variation in HSR from
participant to participant. A study done by Lovell et al. (2007) attempted to delineate the effect
of hyperthmia on HSP70 expression and their results show passive and active heating strategies
did not successfully induce HSP70 expression in all of their participants47. If anything, this study
highlights the complexity of the overall HSR with respect to subject-specific variations.
However, in our FRR analysis we observed an interesting relationship with regards to the
separation of low and high [HSP27] responders in FRR. We determined that high responders
(significantly greater post [HSP27]) were significantly older than the low responder group. The
discrepancy observed between these two age groups in post-exercise [HSP27] may be explained
by differences in stress adaptation. Animal model research suggests that older rats, when under
continuous heat-stress, produce significantly more relative malondialdehyde, a frequently used
biomarker of oxidative stress, as compared to younger rats98. It is possible that, in response to
continuous heat-stress throughout the duration of the race, oxidative stress was exacerbated in
older FRR participants contributing to a greater magnitude of circulating [HSP27].
eHSPs may contribute to immune activation but are unreliable biomarkers of EHS risk
The similarity in circulating [HSP] across participants from both field studies suggests
the potential contribution of HSPs in immune signaling and inflammation during exercise should
not be overlooked. Prolonged exercise, as seen in ultraendurance competition, has been shown to
increase circulating HSP34, 86 and inflammatory cytokine concentrations48, 62, 13, 33. Studies have
shown inhibition of HSP90 reduces TLR4 mediated inflammation in ischemia-reperfusion
injury, HSP60 is a TLR-4 agonist capable of inducing inflammation independently of LPS, and
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HSP27 interacts with both TLR-2 and TLR-4 to induce systemic inflammation12, 31, 65.
Furthermore, unpublished data from FRR 2017 indicate that concentrations of IL-6, IL-8, and IL10 significantly increase from pre- to post-race. Similarly, published data48 show plasma
concentrations of Il-6 and IL-8 increase immediately post-event during HHH. Based on these
studies, it is logical to believe that increased circulating [HSP] contributes to post-exercise
systemic inflammation. However, it is unclear whether the inflammation caused by HSPs in
circulation are involved in inflammation associated with EHS pathophysiology. Given the
similarity in circulating HSP response and the drastic difference in incidence of EHS between
FRR and HHH, we determined that eHSPs are unreliable biomarkers of EHS risk. Given the
multitude of stressors associated with exercise-stress, it is possible that other stressors
independent of uncompensable heat stress contribute to the increased post-exercise [HSP]
response during exercise.
A number of studies have shown significant increases in HSP expression in the absence
of heat stress. Walsh et al. (2001) first showed the extracellular increase in circulating level of
HSP72 following an acute bout of moderate intensity exercise92. However, this HSP response
has been shown to occur independently of increased temperature. Data suggests that increased
core body temperature with no exercise insufficiently induced HSP expression in skeletal
muscle58. In contrast, exercise with the maintenance of thermoneutral body temperature has been
shown to increase HSP expression in skeletal muscle81. Furthermore, Matz et al. (1995) showed
that cold-shock successfully stimulated increased expression of HSPs in brown adipose tissue,
despite no changes in heart and muscle tissue expression50. These studies suggest factors
independent of heat-stress have the potential to contribute to the overall HSP response during
exercise, making circulating [HSP] a poor biomarker of EHS.
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Induction of the HSP response occurs in response to a variety of stressors other than the
uncompensable heat stress associated with EHS. Data suggests differential gene expression that
occurs in response to exertional heat injury (EHI) multifaceted where heat stress only accounts
for some of the observed changes in transcription83. PBMCs obtained from individuals who
presented with symptoms consistent with EHI showed 361 transcripts that had greater than twofold increases in expression83. The majority of the 361 upregulated transcripts were genes not
associated with heat-stress and represented broader functional stress response, which included a
number of interferon-inducible sequences83. It is important to note that IFN- γ plays a critical
role in the mediation of endotoxin LPS-induced immune responses90. It is therefore likely that a
number of other stressors unrelated to heat-stress, such as endoxtemia and oxidative stress,
contributed to increases in eHSP concentrations in this study.
Oxidative stress associated with exercise occurs when ROS accumulates beyond the
capacity of enzymatic antioxidant defense mechanisms. In conjunction with increased HSP70
and HSP27 mRNA expression in circulating leukocytes, Fehrenbach et al. (2000) observed an
approximately two-fold increase in circulating concentration of MPO21. During oxidative stress,
the HSP response is induced to actively protect against the deleterious effects of oxidative stress
associated with ultra-endurance exercise34. However, a common feature of HSP induction seems
to be protein damage and denaturation that occurs in response to stress56. These studies suggest a
general stress response mechanism that can potentially induce expression of HSPs. Given the
abundance of stressors that can possibly present during prolonged exercise in hot and humid
conditions (oxidative stress, dehydration, ischemia, glucose deprivation, etc.), it is very possible
that a synergistic effect may contribute to the robust HSP and inflammatory cytokine responses
observed in this study, independent of uncompensable heat stress. Therefore, HSPs would better
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serve as reliable indicators of cellular protein damage and whole body stress, as opposed to risk
of EHS during ultraendurance exercise.
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Falmouth Road Race route

Hotter’N Hell 100 route
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